Non-invasive recording techniques of the arterial pressure pulse will distort the arterial wall and may alter pulse wave measurements. We hypothesized that intersubject variability of these measurements would be reduced if recording forces were normalized to reflect individualized arterial occlusion forces. 2. In 10 normal male subjects (age 24+1 years), brachial, radial and finger arterial pressure pulses were recorded simultaneously using volume displacement pulse transducers (Fukuda TY-303) and a finger pressure monitoring system (Finapres, Ohmeda 2300) and were made at 2, 5 and 10-100% (10% increments) of the brachial arterial force associated with marked distortion of finger pulsations. Forces were applied at the brachial site in a randomized order while a constant 1.8N force was applied at the radial artery site. Pressure pulses were analysed using the discrete fast Fourier transform. 3. Pulse amplitude, contour, wave velocity and relative transmission ratios remained relatively constant until the brachial artery recording force exceeded 59.9 If: 0.3% of the largest recording force used in each subject (7.14f0.75 N). The finger pulse pressures (P < O.OOOl), radial pulse amplitudes (P < 0.0001) and contours (harmonics 2-6, P < 0.003), pulse wave velocity (P < 0.021) and relative transmission ratios (harmonics 3-7, P < 0.01) then decreased with higher recording forces. 4. To avoid distortion, non-invasive recordings of arterial pressure pulse amplitude, contour, pressure wave velocity and relative transmission ratios along a peripheral arterial segment should use recording forces of less than 60% of the force associated with marked distortion of finger pulsations.
1.
Non-invasive recording techniques of the arterial pressure pulse will distort the arterial wall and may alter pulse wave measurements. We hypothesized that intersubject variability of these measurements would be reduced if recording forces were normalized to reflect individualized arterial occlusion forces. 2. In 10 normal male subjects (age 24+1 years), brachial, radial and finger arterial pressure pulses were recorded simultaneously using volume displacement pulse transducers (Fukuda TY-303) and a finger pressure monitoring system (Finapres, Ohmeda 2300) and were made at 2, 5 and 10-100% (10% increments) of the brachial arterial force associated with marked distortion of finger pulsations. Forces were applied at the brachial site in a randomized order while a constant 1. 8N force was applied at the radial artery site. Pressure pulses were analysed using the discrete fast Fourier transform. 3. Pulse amplitude, contour, wave velocity and relative transmission ratios remained relatively constant until the brachial artery recording force exceeded 59.9 If: 0.3% of the largest recording force used in each subject (7.14f0.75 N). The finger pulse pressures (P < O.OOOl), radial pulse amplitudes (P < 0.0001) and contours (harmonics 2-6, P < 0.003), pulse wave velocity (P < 0.021) and relative transmission ratios (harmonics 3-7, P < 0.01) then decreased with higher recording forces. 4. To avoid distortion, non-invasive recordings of arterial pressure pulse amplitude, contour, pressure wave velocity and relative transmission ratios along a peripheral arterial segment should use recording forces of less than 60% of the force associated with marked distortion of finger pulsations.
INTRODUCTION
Blood ejected into the aorta by contraction of the left ventricle generates a forward travelling pressure wave in the arterial tree which is referred to as the arterial pressure pulse. Since the shape of the arterial pressure pulse will be determined not only by the input from the left ventricle but also by the characteristics of the arterial tree, this pulse shape may contain important information regarding altered large artery function. While modern noninvasive tonographic instruments can accurately register pressure pulses [l-31, investigators usually are unaware of the forces they apply during measurements. Excessive forces may produce alterations in arterial geometry that may distort the arterial pressure waveform and consequently diminish its value as a diagnostic aid. Previous studies have shown that pressure pulse contour, pulse wave velocity and harmonic transmission ratios are relatively stable in the brachio-radial arterial segment of normal subjects over a large range of recording forces applied at the brachial and radial artery [4, 51. Also, these studies indicated that arterial depth may be an important contributor to the intersubject variability in non-invasive pressure pulse measurements, even though identical recording forces were applied at the surface of the skin. The effective force at the level of the arterial wall would be lower for the subject with a greater amount of subcutaneous tissue and fat over the artery. To overcome the disadvantage of classifjing a study population with respect only to arterial depth, and also to minimize intersubject variability, one solution might be to use recording forces normalized to individualized arterial occlusive forces.
We hypothesized that brachial and radial pulse amplitudes and contours, pressure wave velocities and relative transmission ratios would be similar over a range of lower brachial recording forces, normalized as stated above, while larger forces would produce significant alterations due to excessive compression of the brachial artery. In addition, this study was designed to allow further investigations of an observed trend, in some subjects, for pulse wave velocity to increase just before decreasing at large recording forces [5] .
METHODS

Protocol
The protocol was approved by the University Review Board for Health Sciences Research Involving Human Subjects, and written informed consent was obtained from each subject.
Eleven untrained male subjects (age 24 k 1 years, mean & SEM), considered normal by medical history, physical examination and routine ECG, were studied in a quiet, temperature-controlled (23-24"C), cardiovascular laboratory. None was taking vasoactive medications and all were non-smokers. All had fasted, did not consume caffeine overnight, and emptied their urinary bladders before the study. Measurements followed a 30 min rest period.
All measurements were obtained with the subjects supine and the arms horizontal. Initially, three arterial pressure measurements were obtained using a semi-automated oscillometric device (Dinamap 845XT; Critikon, Tampa, FL, U.S.A.) at the brachial (12 cm wide cuff) and then at the radial site (9 cm wide cuff) of each arm to ensure that pressures were similar between limbs. Thereafter, brachial arterial pressure and heart rate were obtained from the right arm immediately after a measurement of arterial pressure pulses in the left arm.
Measurement of arterial pressure pulses
Arterial pressure pulses were recorded with commercially available volume pulse transducers (Fukuda Denshi TY-303) as described elsewhere [4, 51. The TY-303 has a flat frequency response between 0.03 and 100 Hz by the manufacturer's specifications. However, the system frequency response would be lower due to high-frequency damping as arterial pressure pulse signals are transmitted through the arterial wall, subcutaneous fat and tissue, skin, air column, as well as the piezoelectric device of the transducer. To measure the force applied during the recording of arterial pressure waves, an attachment made of acetyl plastic, which fits like a sleeve over the cylindrical column of the pulse transducer, was specifically designed in our laboratory for this study and is not commercially available. Force applied to the transducer compresses a circular, compliant, rubber ring on the attachment which is connected via stiff polyethylene tubing to a different transducer as described in detail previously (Baxter Uniflow) [4, 6] . The arterial pressure pulse signals were low-pass filtered to 10 Hz, to prevent aliasing in the frequency domain, and to reduce high-frequency noise before analogueto-digital conversion [4, 51. At the brachial ( z l cm proximal to the antecubital skin crease) and radial site (at wrist) of the left arm a transducer was manually positioned, by visual inspection, perpendicular to the skin surface. The optimal recording position was indicated by maximal pulse amplitude excursions during lateral movement of the transducer over each artery. A stereotactic device was designed to maintain each pulse transducer in this position throughout the study while forces were applied through a screw mechanism to the long axis of the transducer [4] .
The recording force (mean of two measurements) at the brachial artery site associated with marked distortion of finger pulsations, as measured by a finger arterial pressure monitoring system (Finapres, Ohmeda 2300), or which was not tolerated by the subject, was determined by manually turning a dial on the stereotactic device and is subsequently referred to as the largest recording force (Fig. 1) . The Finapres operates according to the theory of arterial unloading [7] with an infra-red transmission plethysmograph transducer, and recorded pressures are highly correlated with invasively determined pressures flow around the brachial artery recording site or to subject discomfort at the brachial site. Pressure pulse recordings from the brachial, radial and finger arterial sites were then obtained at 2%, 5% and 10-100% (in 10% increments) of the largest brachial artery recording force and were applied in a randomized order. Pulses were recorded simultaneously for 10 s [sample frequency = heart rate (beatdmin) x 128 Hz/60 (beatdmin)] at the end of a normal expiration without Valsalva strain. A constant force of 1.8N was applied at the radial site, since maximal radial artery amplitudes were recorded at this force in a group of normal subjects of similar age [4] . Furthermore, alterations in the arterial pressure waveform recorded at the brachial artery site associated with this constant radial force would be relatively minor based on the minimal distortions observed proximal to a complete stenosis produced artificially [lo] .
Measurements of arterial depth and diameter
At the end of the study, the depth and diameter of the left brachial and radial artery were determined with a high definition imaging colour Doppler 10 MHz ultrasound system (Ultramark 9; Advanced Technology Laboratories, Bothell, WA, U.S.A.). Two-dimensional M-mode images were recorded and played back on a high-resolution VCR (H-R-S-1OOOOU; JVC Corp.) and digitized (Nuvista+, release 1 .l; Truevision Inc., Indianapolis, IN, U.S.A.) to 24 bit images (8 bits per colour) and then converted to 8 bit grey scale images. Analysis of arterial diameter and depth was performed using Spyglass Transform (Spyglass Inc., v.3; Savoy, IL, U.S.A.). The systolic arterial diameter was defined as the distance between the two peaks on either side of the lumen, and depth as the distance from the skin surface to the peak intensity of the proximal wall (nearest to the lumen). The mean brachial and radial artery depths and diameters were determined from three cardiac cycles.
Brachial artery compliance was calculated using M-mode ultrasonic measurements of brachial artery diameter and the brachio-radial pulse wave velocity (determined at 20% normalized recording force) according to the following equation;
where blood density is constant ( p = 1.06 g/cm3) and D is arterial diameter (cm) [ll-141.
Anaysis of pulse waves
The last seven to nine consecutive pulses were used to calculate pulse amplitude by subtracting the systolic maximum from the diastolic minimum. Before discrete Fourier transformation into the frequency domain, the first data value was subtracted from each value in the data set which removed the diastolic portion of the data and made the first data point equal to zero. The data were multiplied by the Hanning window to reduce power leakage from adjacent frequency bins [15] . The power spectrum was normalized to the power at the fundamental frequency, The peak relative power at harmonics 2 to 7 were selected for comparisons as they contain more than 95% of the total power in the pulse signals [6] . Pulse wave velocity measurements were determined using a computer algorithm as described previously [5] . The average pulse wave velocity was determined from six measurements, since further averaging was unlikely to significantly reduce its inherent biological variability [6] . The transmission ratios for harmonics 1-7 were determined by dividing the peak radial power by the peak brachial power after spectra were normalized to the total power in each signal. Transmission ratios were expressed as a function of the brachial recording forces 11, 161.
Statistical analysis
To determine significant pulse amplitude changes with percentages of the maximum brachial artery recording force, each site was analysed separately with a repeated measures design (BMDP 2V, BMDP Statistical Software Inc, release 88.2). The same design was utilized to determine changes in the brachio-radial pulse wave velocity and also for each harmonic of the relative power and transmission ratio data. If a significant effect was indicated but the sphericity assumption was not satisfied, then the Huynh-Feldt probability was used as it is a more conservative test of the repeated measures factor. Contrasts were analysed with the Studentized Range statistic [17] . Correlations between variables were estimated by least squares linear regression. A P value of I 0.05 was considered statistically significant. All results are presented as means k SEM.
RESULTS
One subject was removed from the analysis because the finger arterial pressure pulsations could not be eliminated. Ultrasound showed that the brachial artery in this subject actually bifurcated into the radial and ulnar arteries approximately 14 cm proximal to the antecubital skin crease.
Baseline data
Baseline haemodynamic data are presented in Table 1 . Arterial pressure was the same in both limbs. There were no significant differences in arterial pressure or heart rate among any of the randomized measurement points during the course of the study. The largest force associated with the marked distortion of finger pulsations was 7.14k0.75 N (range 2.83-11.09 N). The randomized Mean arterial pressure at brachial artery (mmHg) 79+2 Heart rate (beats/min) 62+2
forces applied at the brachial site were within 1.0)0.1% of the target recording force at each measurement point.
Pulse amplitudes
Mean pulse amplitudes recorded at the brachial artery increased to a plateau with recording forces between 3.3f0.5 and 11.5+0.6% of the largest force and then decreased progressively with percentages larger than 59.9 * 0.3%, but these changes were only marginally significant (P = 0.08; Fig. 2a) . The radial pulse amplitudes decreased significantly with larger recording forces applied at the brachial site (P<O.OOOl). The mean radial pulse amplitude at 98.9 f 0.8% of the largest recording force was significantly smaller than those between 3.3f0.5 and 78.6 f0.5% (P<0.05). The smaller brachial than radial pulse amplitudes observed at low applied Brachial Artery Force (%) forces (3.3 k 0.5 and 6.5 +0.8%) were not statistically significant. Brachial artery depth was not significantly correlated with pulse amplitude (R = 0.48, P = not significant).
The finger arterial systolic, diastolic and pulse pressures were significantly reduced with larger applied recording forces (P<OOOl; Fig. 2b ). At the largest brachial recording force, these pressures were significantly smaller than those between 3.3 k 0.5 and 88.7 f 0.4% (P< 0.05). In addition, the largest brachial artery recording force used in each subject was correlated with baseline brachial artery diastolic pressure (r = + 0.66, P < 0.04).
In one subject, the largest brachial recording force failed to substantially reduce finger arterial pulse pressures compared with initial determinations (39.2 versus 94.9%, respectively). For this subject, the transducer position with respect to the artery was probably altered, since arterial pressures were not different. This subject was not eliminated from the analysis since the inclusion criteria were satisfied. In the other nine subjects, radial artery pulse amplitudes and finger arterial pulse pressures were reduced from baseline levels by 87.4k3.1 and 90.6 * 2.1%, respectively, at the largest recording force.
Relative pulse contours
At the brachial and radial arterial sites, respective pulse contours were stable between 3.3 f 0.5 to 88.7k0.4% and 3.350.5 to 69.0&0.5% of the largest force (Fig. 3a and Fig. 3b) to increase with the largest brachial recording force an appropriate range of recording forces to be used (P = 0.1; Fig. 3a) . At the radial site, significant in non-invasive upper limb arterial pressure pulse reductions were observed in the relative power for measurements with a volume displacement transharmonics 2-6 (P<0.003) and in harmonic 7 (P = 0.05) with larger percentage forces (Fig. 3b) .
Pulse wave velocity and relative transmission ratios
The mean velocity of the pressure wave was not significantly different between 3.3 k 0.5 and 78.6 k 0.5% of the largest recording force, but decreased significantly with larger percentage forces (P < 0.02; Fig. 4 ). There was a trend for pulse wave velocity to increase before reduction at larger percentage forces but this was not significant. Pulse wave velocity was not correlated with brachial artery depth (r = -0.22, P = not significant).
The harmonic transmission ratios remained relatively stable between 3.3 f 0.5 and 59.9 k 0.3% of the largest force but were significantly reduced with larger percentage forces (Fig. 5) . For harmonic 3, the transmission ratios at the largest percentage force were lower than those obtained between 3.3k0.5 and 48.9+0.8% and for harmonics 4-7 were lower than those obtained between recording forces of 3.3 f 0.5 and 88.7 f 0.4% ( I k 0.05).
DISCUSSION
The results of the current study are consistent with previous studies in vivo [ ducer. Mean arterial pressure pulse contours, distal pulse amplitudes, pulse wave velocities and transmission ratios remained stable until the force applied at the brachial arterial site exceeded approximately 60% (or 4.28k0.46 N) of the largest brachial force used which was associated with marked distortion of finger pulsations or was not tolerated by the subject. Although this study was conducted in young healthy normal subjects, the mean recording forces used clinically are well below this critical limit [5] . Thus, measurements of the arterial pressure pulse waveform wih the volume displacement transducer are likely reliable. However, knowledge of the recording force remains important as considerable waveform distortion may occur distal to the measurement site in subjects with more superficial arteries [5] . Indeed, distortion of the arterial wall is a requirement of direct-force transducers (arterial tonometers) which measure the normal contact stress that is equal to the instantaneous intraluminal pressure when the artery wall is optimally flattened [18, 191. In clinical pulse measurements, however, proper flattening of the arterial wall is determined by empirical methods, i.e. by obtaining a consistent and large amplitude signal [2, 31. The same criteria apply to the use of volume displacement tranducers which sense displacements transcutaneously above a superficial artery wall by an intermediate physical effect such as a change in volume within an air or fluidfilled column [l, 4, 51. Therefore, the influence of the applied force on the recording obtained is an important concern, regardless of the transducer used. Improvements to arterial tonometers such as an array of sensing elements and the automatic application of hold-down pressures that yield maximal pulse pressures by some sensors located over the artery , may resolve some of the inherent systematic errors in non-invasive pulse measurements.
The fidelity of pressure pulse contours measured with volume displacement transducers has been questioned in light of an analytical study which suggested hysteresis between simultaneously recorded invasive and non-invasive pressure pulses [23] . This study also postulated a greater amount of frequencydependent amplitude and phase distortion compared with arterial tonometers. Exceptional correlation between invasive and non-invasive pulse contours has been described in an arterial tono- metry study [3] , but it is not clear whether the authors were blinded to the invasively recorded pulses. To our knowledge, no direct comparison between the volume displacement transducer used in this study and other arterial tonometers has been published. Since the forces used at the brachial arterial site were normalized within an individual, similar radial artery pulse amplitude, contour and pulse wave velocity response patterns were observed between subjects and eliminated the two response patterns reported previously (i.e. significant reductions observed for subjects with more superficial brachial arteries but none for those with deeper brachial arteries) [5] . As a consequence of the similar response patterns, more consistent and significant reductions were observed for mean radial pulse amplitudes, harmonic relative powers and pulse wave velocities compared with those previously obtained utilizing identical absolute recording forces over the brachial artery [5] .
With higher brachial recording forces, the noninvasively recorded radial artery pressure pulses showed significant reductions in pulse amplitude and harmonic relative power before any alterations at the brachial arterial site. Thus, pulses recorded distally are more sensitive to excessive forces applied at a proximal site, at least along a peripheral arterial segment.
Limitations
These non-invasive techniques are easily applied in a clinical setting and allow for measurements in patients with a wide spectrum of disease or severity. However, the measurements are limited to superficial arteries such as the brachial, radial, femoral and carotid arteries. In this study, pressure pulse measurements were performed at the brachial and radial arteries due to the ease of location and study at these sites. Clinical studies have demonstrated the effectiveness of measurements at these two locations in the assessment of peripheral arterial function [13, 14, 241 . However, it is not known if changes in applied recording force would produce similar alterations in pulse contour and amplitude in other conductance vessels, such as the carotid and femoral arteries. Also, while non-invasive measurements of pulse wave velocity and transmission ratios obtained from a relatively short homogeneous arterial segment are easy to define and describe, a longer segment may better represent the whole of the arterial tree in terms of the impact of arterial stiffness on blood pressure and left ventricular function.
The force applied to the recording transducer cannot be directly transferred into blood pressure units since the forces are dissipated by the intervening tissue and therefore, for clinical relevance, the results are also expressed as a percentage of the maximum force applied which was associated with marked distortion of typical finger pulsations and thus would have approximated or exceeded systolic arterial pressure. Persistence of some very blunted pulsations may reflect collateral blood flow.
Volume pulse transducers are unable to record arterial pulses directly in terms of blood pressure. However, indirect calibration can be achieved through a standard blood pressure measurement from the contralateral arm. In this study, indirect calibration was not necessary since we investigated alterations in pulse amplitude due to applied forces with each subject acting as their own control. The normalization of brachial recording forces may also help in extrapolation of our results to those acquired from obese subjects or in subjects with less compliant arteries, such as the elderly or with hypertension or heart failure, although this requires further study.
The force applied to the ultrasound probe may have contributed to variability in arterial depth measurements from compression of the subcutaneous fat and tissue over the artery. In addition, intervening tissue below the artery may have resulted in variable posterior anatomical bone support at higher applied recording forces. These forces were not measured but as light a force as possible was utilized.
Conclusions
Arterial pressure pulse amplitudes, contours, pressure wave velocities and relative transmission ratios measured with a volume displacement transducer along a peripheral arterial segment are stable over a large range of recording forces. Brachial artery recording forces of less than 60% of the force associated with marked distortion of typical finger pulsations should be used to avoid significant distortion of locally recorded or distally transmitted pulses.
